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Summary. The rumen simulation technique (Rusitec) has been used to study the effects of phosphorus (P) deficiency on bacterial protein synthesis and chemical composition and on adenosine triphosphate (ATP) concentrations in the solid and liquid phases of fermentors. 16 g DM of a P-deficient mixed diet was put into each vessel daily and the vessels were infused with about 1 1 of a P-deficient (0 mg of P) or P-supplemented (120 mg of P/1) buffer. Two vessels per treatment were used, and during a second experimental period the deficient and supplemented buffers were interchanged to determine the effects of P repletion and depletion.
The proportion of bacterial N directly incorporated from dietary amino acids or peptides was greater in solid-associated bacteria (SAB) than in liquid-associated bacteria (LAB) (46 vs 19 %). P deficiency increased this proportion in both bacterial populations. Protein synthesis associated with the solid phase represented about 30 % of the total protein synthesis in the system. P deficiency induced a marked decrease in microbial protein synthesis in both phases. Microbial yield declined by about 5 points (g of N/kg OMF) in P-deficient conditions. ATP concentrations were greatly reduced in both phases but P deficiency had no effect on protozoal numbers.
The effects of P depletion during period II were similar to those of P deficiency in period I, and P repletion showed that the effects of P deficiency were almost entirely reversible.
Introduction.
Moderate phosphorus (P) deficiency is widespread, particularly in grazing areas of tropical countries (Smith, 1984) or when diets high in low P-containing by-products (pulp, molasses, treated straw) are fed. Since low P intake is often shown to reduce the amount of salivary P entering the rumen, and as a consequence the soluble P concentration in the rumen (Durand et al., 1982) , rumen function may be impaired. ln vivo studies on the effect of P deficiency on rumen microbial digestion and protein synthesis have not always shown clear-cut results because of large variations in the responses of the hosts in terms of food intake and endogenous P return (Witt and Owens, 1983 ; Milton and Ternouth, 1985) . However, some authors using semi-purified diets have pointed out the clear-cut effect of reduced P intake on the degradative capacities of rumen microbes (Farries and Krasnodebska, 1972 ; Durand et al., 1983) , urea N utilization (Durand et al., 1983 ; H61ler, Breves and Martens, 1983) and microbial N turnover (Lessmann, Breves and H61ler, 1985 ; Breves, Hbller and Lessman, 19851. Recently, a range of inorganic phosphorus concentrations was experimented (Komisarczuk, Merry and McAllan, 1987) Czerkawski and Breckenridge (1977) , allows a longer retention time of the solid material and could reproduce better in vivo digestion characteristics. Also, with this system the solid and liquid phases could be easily separated.
In the present work, the Rusitec was used to determine the role of P on microbial activity associated with the two main compartments of the rumen. The composition of the low-P diet used as a substrate was similar to that used by Komisarczuk, Merry and McAllan (1987) . Data concerning the digestive parameters (organic matter and cell wall degradation, volatile fatty acids and gas production) have been published elsewhere (Komisarczuk et al., 1986 Czerkawski and Breckenridge (1977) . Four 1 /liter vessels (V1, V2, V3, V4) were used. The general procedure for starting and running the system has been described by Czerkawski (1984 Experimental procedure. &horbar; The study was divided into two periods. During the first one (1), V1 and V2 were infused with the control buffer contained 120 mg of P/I and V3 and V4 with the P-deficient buffer. The compositions of these two solutions are given in table 2. In the P-deficient buffer the phosphate removed was replaced by sodium carbonate and sodium chloride to maintain the same buffering capacity and osmolarity. Six days were allowed for equilibration and 11 I for sampling. The second period (11) started on Day 17 ; the control and Pdeficient buffers were interchanged so that the previously P-deficient vessels (V3 and V4) were the P-repleted ones and the control vessels (V1 and V2) the Pdepleted ones. Samples were taken after a new equilibration period of 4 days, judged sufficient from the volatile fatty acid (VFA) production which stabilized. ATP concentrations were measured in the liquid phase of the vessels four times a day (just before and 2, 4 and 6 h after the feed bag was changed) and in the washed solid residues, as described by Komisarczuk, Durand and Hannequart (1984) . One ml of liquid or 1 g of solid was treated with 9 ml of dimethylsulfoxide for ATP extraction and ATP was determined by bioluminescence.
Protozoa were counted using a Fuchs-Rosenthal cell after fixation in a 10 % (V/V) formaldehyde solution in NaCI 9 % (W/V).
Ammonia nitrogen (NH 3 -N) was estimated after trichloracetic precipitation using an automated method (Michel, 19711. Protein synthesis was estimated using the !5N labelling technique. Urea-!5N was continuously infused with the buffer (800 mg/1), supplying 373 mg of N/I with a !5N enrichment of 1.23 (atom % excess).
Bacteria from the liquid effluent were harvested using a differential centrifugation technique (McAllan and Smith, 1974) . Those The comparison of ATP in liquid phase and washed solid residues 24 h after the bag had been changed showed that the amount of ATP in the latter represented only about 10 % of the total, whereas 30 % of the microbial population was found to be associated with the washed solid residues (table 5) .
The decrease in the number of protozoa in liquid and solid phases in Pdeficient vessels was not significant (table 5). The number of them associated with the solid phase represented only about 5 % of the total, but they were also counted on washed residues.
Period 11
Phosphorus depletion. &horbar; During the second experimental period, removal of P from the buffer solution of previous control vessels mainly led to the same results as in period I, i. e. reduction of microbial N of NH 3 -N origin in both SAB and LAB, a decline in microbial production and microbial N yield. The chemical composition of bacteria and the number of protozoa were not affected. P deficiency had no effect on ureolysis and proteolysis as during the first period.
Concerning ATP concentrations, this period was rather different from the first. P depletion did not induce such a marked decrease in ATP concentration ; at least the effect was not significant in the liquid phase. In the solid phase the reduction of ATP content per bag was almost as great as in the first period.
Phosphorus repletion. &horbar; For most of the parameters measured, P repletion led to a good recovery of the values found during period I in control vessels. The major difference concerned ATP concentrations in the liquid phase of the fermentors which were significantly lower at all times of the day in vessels V3 and V4 than in control vessels during the first period. These low ATP concentrations partially explain the non-significant differences found during period II between Prepleted and P-depleted vessels. Characteristics of the control vessels. &horbar; One of the main advantages of the RUSITEC is that the microbial population associated with the liquid and solid phases of the rumen can be studied separately. However, in order to keep the system stable, all washings from the removed bags must be returned to the vessels. These washings contain loosely-attached microorganisms which constitute compartment 2 of the system (Czerkawski, 1984 These differences in !5N specific enrichment of SAB and LAB emphasize the necessity of a differential study of these two bacterial populations in order to obtain a reliable estimate of total microbial protein synthesis. !5N specific enrichment of liquid-associated bacteria alone could result in an underestimation of total microbial protein synthesis by at least 10 %. This problem must also be taken into account when RNA is used as a microbial marker since Merry and McAllan (1983) and Bates et a/. (1985) have observed differences between LAB and SAB in terms of RNA/N ratio. Other differences in the chemical composition between the two bacterial populations observed in this experiment (ash, N, P) are in agreement with previous findings (Czerkawski, 1976 ; Merry and McAllan, 1983 Durand et al. (1986a) using the Rusitec. This could be explained by the long retention time of the solid phase but, as part of the microbial population of compartment 2 may not be taken into account, the yield could be underestimated.
The distribution of ATP concentrations between liquid and particulate material was easy to study using the Rusitec apparatus. ATP associated with the washed residues represented only 10 % of the total. This value is much lower than in vivo findings. In the rumen contents of cows fed a ration of hay and cereals, Forsberg and Lam (1977) found between 20 and 70 % of the ATP associated with the solid particulate material. After 48-hour retention in the bag, SAB could be expected to be in a late growth phase contrary to LAB for which retention time was lower (24 vs 48 h). It is well known that ATP concentrations change with the growth stage (Forrest, 1965 ; Forsberg and Lam, 1977 ; Nuzback et al., 1983) . In addition, it is probable that washing the bag removed part of the ATP from the solid residues since recent observations with straw (unpublished data) show that the ATP contained in compartment 2 equals that of the washed solid residue. The increase in ATP concentrations 2 h after the renewal of the feed bag shows variations in the rate of fermentation as it occurs in vivo after a meal but, in this system, it could be partly due to the return of compartment 2 to the vessels. Nevertheless, Rusitec may be closer to normal animal feeding conditions than a true continuous culture system. Furthermore, our results in period II show that the system is able to maintain fermentation for about 3 weeks without important changes in the equilibrium of the microbial population.
Consequences of phosphorus deficiency. &horbar; P deficiency reduced overall protein synthesis by 45 %, which confirms results obtained in vivo by Breves and H61ler (1985) and Lessmann, Breves and H61ler (1985) and in vitro by Bonilla (1976) and Komisarczuk, Merry and McAllan (1987) . In the P-deficient medium, the P supply was solely of dietary origin. It is likely that this form of P was preferentially used by SAB, as microbial production associated with the solid residues was less affected than that of the liquid phase. It is relevant to mention that cellulolysis which depends mainly on SAB activity was much affected by P deficiency (-55 %) in the same experiment (Komisarczuck et al., 1986) . This fact confirms that cellulose digestion is more affected by a lack of P than protein synthesis itself, as already observed (Komizarczuk, Merry and McAllan, 1987) .
It is of interest to note that P deficiency had a significant effect on NH 3 utilization by bacteria associated to both the liquid and the solid phases. The role of P in nitrogen-ammonia assimilation by rumen bacteria needs further investigation. The reduction of microbial N yield in P-deficient vessels has already been observed by Durand et al. (1983) in vitro with « batch » incubations of P-deficient sheep rumen contents. However, in vivo these authors did not observe significant differences in microbial yield between P-supplemented -and P-depleted sheep when they were fed 8 times a day. Similarly, F deficiency did not alter microbial yield in the continuous culture system (Komisarczuk, Merry and McAllan, 1987) .
Therefore, discontinuous supply of substrates, and thus variations in the rhythm of fermentation, could be involved in an eventual uncoupling between the growth and degradative capacities of rumen microbes.
The drastic reduction in ATP concentrations in the P-deficient vessels confirms previous results obtained in the continuous culture system (Komisarczuk, Merry and McAllan, 1987) . This effect cannot be due to protozoa, as their number was not significantly reduced by the lack of P, nor to a shortage of intracellular inorganic phosphorus in the bacteria. The decrease in ATP concentrations obtained was probably a result of both a reduction in microbial catabolic activity (Komisarczuk et al., 1986) and a reduction in the size of the microbial population.
Further investigations of P deficiency should be able to explain the mechanisms of ATP synthesis in low-P culture media. The effects of other mineral deficiencies on this nucleotide must also be investigated to determine the significance of ATP measurements as an index of microbial activity.
Repletion of P (period II) in the previously P-deficient vessels (period I) clearly shows that the recovey of microbial activity and growth was nearly total and that P deficiency had no irreversible effects. In addition, the tendency for higher recovery of microbial protein synthesis (SAB) was evident as well as a decrease in ATP concentrations and in the P/N ratio in both SAB and LAB. This suggests that there was selection for a population having lower P requirements during the first period of P deficiency. The recovery of the activity in the Rusitec with P repletion, already observed by Durand et al. (1986b) , was also obtained in vivo by Breves and H61ler (1985) who studied the effects of P deficiency using a depletion-repletion technique. On the contrary, in « batch » culture, the addition of P to an inoculum provided by P-deficient animals gave incomplete recovery of the microbial activity compared to inocula provided by animals given a normal P supply. Continuous culture systems such as the Rusitec, allowing long adaptation periods, appear to be much more suitable for studying the effects of minerals on rumen microbiota metabolism than short-term incubations.
In conclusion, although P deficiency seems to affect primary cellulose digestion in the rumen, protein synthesis and ammonia utilization are also both significantly affected. These results confirm the importance of phosphorus for the overall aspects of microbial metabolism. La déplétion en P au cours de la seconde période conduit à des effets comparables à la carence directe de la période 1 et la réplétion en P permet de montrer que les effets de la carence sont presque entièrement réversibles.
